As a first step toward the establishment of practical guidelines for the search for crystallization conditions, stability and solubility were examined for integral membrane proteins from photosynthetic bacteria in the presence of different detergents. The results obtained from their stability provided practical information on the proper choice of detergent type in the preparation process and the subsequent crystallization experiment. In addition, the determination of a solubility diagram provided a practical method for quantifying the correct choice of detergent concentration and for setting up the suitable precipitant concentration in the crystallization experiment. D
Introduction
An integral membrane protein has both distinct hydrophobic and hydrophilic regions on its surface. To solubilize and purify such an amphiphilic protein with its native conformation in an aqueous solution, it is necessary to cover its hydrophobic surface with suitable small amphiphilic molecules, detergents. Detergent molecules binding to the convoluted hydrophobic surface reduce the possibility that a protein -detergent complex will crystallize. In addi-tion, the combination of factors (such as detergent type, detergent concentration, salt type, salt concentration, precipitant type, precipitant concentration, temperature and pH of solvent), which seem to affect the crystallization of a complex, is so varied that an empirical and exhausting search for its crystallization conditions requires a large amount of the protein.
Many solubilized protein -detergent complexes have been crystallized by orthodox methods [1, 2] during the 20 years since the first successes [3 -6] . However, the accumulation of their crystallization conditions is rather small and the appreciation of their behavior in an aqueous solution is insufficient compared with aqueous-soluble proteins [7, 8] . Thus, the crystallization of the complex remains the most intimidating and risky step in X-ray crystallography.
In order to overcome such a difficult situation, it is necessary to derive useful features common to successful crystallization conditions in advance, through systematical examination of the property and behavior of complexes. Firstly, for the choice of suitable detergents in solubilization and crystallization steps, stability was examined for integral membrane proteins from photosynthetic bacteria in the presence of individual different detergents. Secondly, for setting up suitable precipitant concentration in a crystallization trial, solubility diagrams [9] [10] [11] [12] were determined for different complexes and the protein solubility was compared with crystallization features. Lastly, the influence of deter-gent concentration and type on protein solubility was examined for two different proteins using polyethylene glycol (PEG) 4000 and ammonium sulfate as precipitants.
Materials and methods

Preparation of integral membrane proteins from photosynthetic bacteria
Rhodobacter sphaeroides RC, Rhodopseudomonas viridis RC, Rb. sphaeroides B800 -850 and Rhodobacter capsulatus B800-850 were solubilized from their respective purified photosynthetic membranes, using purified n,ndimethyldodecylamine-n-oxide (LDAO) given by Lion Corporation. The purification of each protein was carried out using a phenyl-Toyopearl 650 hydrophobic column (Tosoh) and/or CL-6B molecular sieve chromatography (Pharmacia) in addition to the reported methods [13 -17] . Rp. viridis RC-B1020 and Rhodospirillum rubrum RC-B890 were solubilized in 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS, Dojindo) and the mixture of cholate (Wako Pure Chemical Industries) and deoxycholate (Wako), respectively, and purified according to the reported methods [18, 19] . Tris buffer solution (10 mM Tris(hydroxymethyl)aminomethane hydrochloride (Tris, Sigma) -HCl, 1 mM disodium ethylenediaminetetraacetate (EDTA-2Na + , Dojindo) and 0.02% (w/v) sodium azide (NaN 3 , Wako) pH 8.0) containing each solubilization detergent was used at all the purification steps. In order to avoid instability of the proteins, a detergent concentration higher than each CMC was used in all the preparation steps. Once obtained, those complexes were free of contaminating polypeptides on SDS polyacrylamide gels (ATTO Corporation, PAGEL AE-6000).
Test of stability in different detergents
The sample solutions were concentrated up to about 50 mg/ml in an ultrafiltration apparatus employing an ADVANTEC UK-200 membrane of which the molecular weight limit is 200 kDa. To reduce the amount of a solubilization detergent brought to the new detergent/buffer solution, 6 Al of the protein solution was individually dispersed into 3 ml of Tris buffer solution containing a required detergent. The protein solutions were incubated at 4 jC in the dark. The stability of each integral membrane protein was determined from the time dependence of their absorption spectra.
Replacement of detergent and buffer solution
Purified proteins were individually absorbed to a DEAE-Sephacel (Pharmacia) anion exchange column which was previously equilibrated with Tris buffer solution containing the detergent used for solubilization, washed with at least 10 times column volume of the same buffer solution containing a required detergent, and then eluted with the same medium with 300 mM NaCl. For the replacement of buffer solution, each protein was filtered on a Sephadex G-25 (Pharmacia) column which was previously equilibrated with required detergent/buffer solution. To replace them completely without the condensation of detergent micelles, each sample solution was further washed five to eight times with the required solution in the ultrafiltration apparatus above.
Solubility measurements and crystallization
Solutions of twice the desired PEG4000 (Merck) or ammonium sulfate ((NH 4 ) 2 SO 4 ) (Wako) concentration were prepared in a required buffer solution. A sample solution of twice the desired protein concentration (20 -30 mg/ml) was mixed with an equal volume of the precipitant solution in a small test tube (0.5 ml) on a vortex mixer. After an amorphous precipitate was removed from the solution by centrifugation at 12,000 rpm (Hitachi T15AP21) for 6 min, the protein concentration in the supernatant was determined photometrically by measuring the absorbance at a peak characteristic of each protein. Such a procedure was carried out at 21-23 jC, and all the measurements were completed within 15 min of mixing. The same stock solutions of chemicals were used consistently for the preparation of sample and precipitant solutions. Concentrations of Rb. sphaeroides RC [20] , Rp. viridis RC [13, 21] , Rb. sphaeroides B800 -850, Rb. capsulatus B800-850 [17] and Rp. viridis RC-B1020 [18] were based on the relationship where one unit at 800, 830, 800, 800 and 1020 nm corresponds to 0.33, 0.45, 0.083, 0.083 and 0.086 mg/ml of the proteins, respectively. Samples with A 280 /A 800 V 1.4, A 280 /A 830 V 2.6, A 280 / A 850 V 0.4, A 280 /A 850 V 0.4 and A 280 /A 1020 V 0.9 were used for the solubility determination of Rb. sphaeroides RC, Rp. viridis RC, Rb. sphaeroides B800 -850, Rb. capsulatus B800-850 and Rp. viridis RC-B1020, respectively.
In a crystallization experiment using the batch method, 200 Al of the supernatant set in a small test tube with a sealed cap was incubated at 25 jC in the dark. The solubility of a crystal was determined for the solution phase equilibrated with the crystalline phase in the same way. In a crystallization experiment using sitting drop vapor diffusion, 25 Al of protein droplets was set against 1 ml of reservoir solution with high precipitant concentration.
X-ray diffraction experiment
A crystal was introduced into a 0.5 f thin-walled glass capillary. Intensity data were collected via monochromatized X-rays of 1.0 Å at the Photon Factory, Tsukuba, Japan, by means of a modified Weissenberg camera for macromolecules [22] . The sample-to-imaging plate distance was 286.5 mm and the exposure time for each measurement was 1 min. Diffraction intensities were processed with the program DENZO [23] .
Results
Stability of integral membrane proteins from photosynthetic bacteria in different detergents
To ascertain the influence of detergent type on the physical stability of integral membrane proteins, change in the absorption spectra was examined for seven different pigment-containing proteins from photosynthetic bacteria in the presence of 19 individual different detergents. The results are summarized in Table 1 . Rp. viridis RC, Rb. sphaeroides RC, Rb. sphaeroides B800 -850 and Rb. capsulatus B800-850, which consist of several subunits interacting with each other directly within each protein, were stable in most of the detergents. This result suggests that the action of those detergents is not so strong as to disturb the interactions between subunits. On the other hand, extensive change in the absorption peak from light-harvesting pigment -protein complex Is (LH-1s) was observed for Rp. viridis RC-B1020 and Rs. rubrum RC-B850 depending on the detergent type sensitivity. The difference in the change is thought to represent the ability of detergent molecules to replace lipid molecules because LH-1s attach to a RC through lipid molecules within both proteins [24, 25] .
To determine the ability more quantitatively, time dependence of absorption spectrum was examined for Rp. viridis RC-B1020 after dispersing the protein/0.5% CHAPS solution (w/v) into Tris buffer solution containing each required detergent of high concentration (0.5 -1.2% (w/v)). The relative intensity of the absorbance at 1020 nm was plotted as a function of time in Fig. 1 . The decay in the absorbance increased in the order 0.5% (w/v)
. This sequence shows that small flexible detergents with a hydrophilic head of large polarity strongly influence the conformation of LH-1 and easily replace lipids. Such a tendency corresponded well with that from thermal stability of rhodopsin and opsin [21, 26] . Both results are summarized in Table 2 . In addition, this protein was most stable in a 10-carbon alkyl tail detergent among the same hydrophilic head. This result is related to the width of cylindrical hydrophobic surface of the protein.
Stability was also examined for Rp. viridis RC-B1020 dispersed into Tris buffer solution containing a required detergent of slightly higher concentration than each CMC. For 0.2% (w/v) SM-1000, 0.1% (w/v) SM-1000, 0.1% (w/v) DM and 0.1% (w/v) LM, the absorbance at 1020 nm decayed more rapidly than the result shown in Fig. 1 . Such influence of low detergent concentration would be ascribed to the release of CHAPS molecules from the hydrophobic surface of the protein because the CHAPS concentration was sud-denly diluted to below its CMC (0.49% (w/v)) immediately after dispersing. Thus, we must be careful of not only the type but also the concentration of the detergent replacement.
Determination of solubility diagram and crystallization of integral membrane proteins
To appreciate the relationship between the solubility of a protein -detergent complex and the precipitant concentration suitable for inducing a protein crystal, we determined a solubility diagram for three different integral membrane proteins (Rb. sphaeroides RC, Rp. viridis RC and Rb. capsulatus B800-850). Chemicals and pH used in initial crystallization experiments [14, 17, [27] [28] [29] [30] were also adopted in this experiment. Upon the addition of a sufficient amount of precipitant, reflecting the variety of nonspecific interaction between complexes in site and manner, an amorphous precipitate of the complex formed instantaneously. After removing the precipitate by centrifugation, the protein concentration in the supernatant was immediately determined. For Rb. sphaeroides RC solubilized in LDAO and OG ( Fig. 2A ), Rb. capsulatus B800-850 in LDAO and Rp. viridis RC in LDAO ( Fig. 2B ), the protein concentration decreased steeply with an increase of PEG4000 concentration above 15%, 10% and 11% (w/v) and of (NH 4 ) 2 SO 4 concentration above 21% (w/v), respectively. The result obtained for Rb. sphaeroides RC/LDAO complex consist of data measured for four different preparations. Those data agreed with each other to within 1% (w/v) with respect to PEG4000 concentration. In addition, the protein concentration (S) remaining in supernatant solution at a given precipitant concentration ( P) was given by
where A and B are constants [11, 31] . From such a clear relationship and good reproducibility, although a solution phase is not equilibrated with an amorphous precipitate, in this study we define solubility of an amorphous precipitate (precipitate solubility) as concentration of a protein remaining in solution immediately after an amorphous precipitate separates from a solution phase. Solubility curves for an amorphous precipitate (precipitate 
. The other conditions were: 10 mM Tris -HCl (pH 8.0), 0.02% (w/v) NaN 3 and 1 mM EDTA-2Na + . Table 2 Effect of detergent type on physical stability of Rp. viridis RC-B1020 curves) were obtained by least-squares fitting of Eq. (1) to the precipitate solubility at each precipitant concentration. Protein concentration obtained at low precipitant concentration was lower than that estimated from the precipitate curves. This is because an excessive amount of amorphous precipitates was induced by the contact of highly concentrated protein and precipitant solutions at the beginning of mixing. Such a tendency is usually enhanced by an increase in starting protein concentration.
Protein-rich and protein-poor phases [32] were observed in the supernatant solutions of Rb. sphaeroides RC and Rb. capsulatus B800-850 in a few hours; such phase separation is usually promoted by multivalent ions, basic pH and a high temperature above 25 jC. Crystals formed in the proteinrich phase, and the phase separation decreased with crystal growth. For Rb. sphaeroides RC solubilized in LDAO and OG, Rb. capsulatus B800-850 in LDAO and Rp. viridis RC in LDAO, crystals formed finally in the range of 15.5-24.5%, 10 -19.5%, 11 -13% (w/v) PEG4000 and 20.5-26.5% (w/v) (NH 4 ) 2 SO 4 , respectively. With an increase in precipitant concentration, the time it took for the appearance of crystals decreased, the total number of crystals increased and the size decreased. Protein concentration in each sample solution was determined again 1 month after the preparation, a period sufficient for the phase equilibrium between solution and crystal [11, 12] . Since the protein concentration also decreased clearly in a single exponential way with an increase in precipitant concentration [11, 12] , solubility curves of crystals were determined as well as precipitate curves. All the solubility curves were located below the corresponding precipitate curves on the diagram. This result means that the specific interaction necessary for inducing the crystallization is stronger than nonspecific interactions. In addition, the slopes of solubility curves, B in Eq. (1), were the same as, or steeper than those of corresponding precipitate curves, maybe due to the more homogeneous property of the specific interaction. As shown in Fig. 3A , this result leads to the relationship where the degree of supersaturation, a driving force of crystal growth, increases with an increase in precipitant concentration. At the same time, there is a precipitant concentration giving the maximum amount of protein converted to crystalline phase as shown in Fig. 3B . Such tendencies are also well reflected in the features observed in crystallization of those proteins described above.
Furthermore, from the X-ray diffraction images, crystals of Rb. sphaeroides RC solubilized in OG and LDAO were identified to be of the same space group (P2 1 2 1 2 1 ) with Fig. 4 ). The initial condition (4) of the sample and reservoir solutions in the previous vapor diffusion experiment [27] are also inserted in this diagram. similar unit cell dimensions (a = 141.8 -142.2 Å , b = 138.0 -139.6 Å and c = 77.5-78.7 Å ), which correspond well with the results reported for the crystals of Rb. sphaeroides (wildtype and carotenoid-less mutant) RC [14,28 -30] . These results mean that interaction sites between the protein molecules are the same in both crystals [33] . However, it is evident from Fig. 2A that the intensity of the protein -protein interactions varies depending on the property of micelle surface. Therefore, suitable precipitant concentration should be individually chosen, corresponding to the solubility of each target complex.
It is also necessary to clarify the relationship between the precipitate or crystal solubility and a suitable precipitant concentration in a vapor diffusion experiment because this method has been most commonly used for recent protein crystallization. Crystallization conditions adopted in the previous study [14,27 -30] are also included in Fig. 2 for comparison. In those experiments, initial conditions of the sample solutions were set just below corresponding precipitate curves, and precipitant concentration in the reservoir solutions in a wide range from 18% to 25% (w/v). To establish such a relationship in more detail, different combinations of sample and reservoir conditions were applied to the crystallization of the three integral membrane proteins above. Photographs of Rp. viridis RC solutions at an equilibrium state, which showed the most distinctive features of all, are shown in Fig. 4 . Sample solutions adjusted to the protein concentration of 12 mg/ml and the (NH 4 ) 2 SO 4 concentration of 18% (w/v) were set against reservoir solutions containing 20%, 25%, 30%, 35% and 40% (w/v) (NH 4 ) 2 SO 4 . These conditions are also included in Fig. 2B . No crystal formed in a sample solution equilibrated with 20% (w/v) (NH 4 ) 2 SO 4 . As shown in Fig. 4A , B and C, with an increase of (NH 4 ) 2 SO 4 concentration in the reservoir solution, crystal formation was suppressed, the amount of an amorphous precipitate increased simultaneously, and a merely amorphous precipitate formed above 35% (w/v). Such a feature is ascribed to the increase of (NH 4 ) 2 SO 4 concentration in reservoir solutions, making the water evaporation from the sample solution faster than the crystal growth. In addition, when a sample solution with 4 mg/ml of protein and 18% (w/v) of (NH 4 ) 2 SO 4 was equilibrated with 25% (w/v) of (NH 4 ) 2 SO 4 , larger crystals formed with small amounts of amorphous precipitates as shown in Fig. 4D . Such a tendency is ascribed to crystal nucleation, a well organized assembly of the complexes [34 -36] , which is reflected in a reduction in the number of crystals at low protein concentration. For Rb. sphaeroides RC and Rb. capsulatus B800 -850, on the other hand, an increase of PEG4000 concentration in reservoir solutions led to numerous tiny crystals unlike Rp. viridis RC. Such a difference can be attributed to the water evaporation rate, dependent on precipitant type. Namely, the water evaporation from PEG-containing solution progresses far more slowly than that from (NH 4 ) 2 SO 4 -containing solution [37, 38] . Therefore, the concentration of highly soluble salts such as (NH 4 ) 2 SO 4 should be more carefully chosen than that of highly soluble polymers such as PEG4000.
Influence of detergent concentration on solubility and crystallization
To establish the influence of detergent concentration on the solubility and crystallization of a protein -detergent complex, precipitate and solubility curves were deter- mined for Rb. sphaeroides RC (Fig. 5A) , Rb. capsulatus B800 -850 and Rp. viridis RC (Fig. 5B ) at different concentrations of the detergents above. The increase in the detergent concentration above each CMC barely influenced solubility. In addition, the analysis of X-ray diffraction images for obtained crystals showed no difference in crystal form or quality. Both results correspond well with a detergent phenomenon in which the amount of detergent binding to the hydrophobic surface of an integral membrane protein is relatively constant above the CMC [1] . However, the high concentration of the detergent reduced the crystallization of Rb. sphaeroides RC and Rp. viridis RC. Namely, Rb. sphaeroides RC formed no crystal in one-third and one-half of the sample solutions in the presence of 2.4% and 3.2% (w/v) OG, respectively, and no crystal of Rp. viridis RC was observed in some sample solutions in the presence of 2% (w/v) LDAO. Such a lack of reproducibility would be due to the fact that the presence of a large number of pure detergent micelles prevents a specific assembly of protein -detergent complexes. Thus, it was shown that detergent concentration just above the CMC is beneficial to the reproducibility of crystallization of a proteindetergent complex.
Precipitation solubility of integral membrane proteins solubilized in different types of detergents
To ascertain the influence of detergent type on the solubility of a protein -detergent complex, precipitate curves were determined for Rb. sphaeroides RC and B800 -850 solubilized in different types of detergent. Part of the precipitate curves obtained for Rb. sphaeroides RC using PEG4000 and (NH 4 ) 2 SO 4 as a precipitant are shown in Fig. 6A and B , respectively. With an increase in PEG4000 concentration, this protein solubilized in Brij-35 began to precipitate just above 31% (w/v), and the precipitate solubility in other detergents showed a steep exponential decrease. Depending on the detergent type, in particular the properties of the hydrophilic head, the precipitate curve shifted toward the lower PEG4000 concentration in the order C 12 E 8 , Triton X-100, LDAO, MEGA-9, decanoyl-nmethylglucamide (MEGA-10, Dojindo), OG, NTM, OTG, DM, LM, SM-1200, SM-1000 and n-heptyl-h-D-thioglucoside (HTG, Dojindo). On the other hand, the precipitate curve of Rb. sphaeroides B800 -850 shifted in the order Triton X-100, C 12 E 8 , DDAO, LDAO, OG, SM-1200, NTM, OTG, DM, LM, MEGA-9 and MEGA-10. Although both proteins differ in isoelectric point and molecular weight, the order of oligooxyethilene, N,N-dimethyl-amine-N-oxide, monosaccharide and disaccharide hydrophilic head detergents was common to both proteins except in the case of methylglucamide. Such a tendency is ascribed to the competition of the hydrophilic head with PEG4000 for water molecules. Moreover, the slope of precipitate curves gradually steepened with the shift toward lower PEG4000 concentration.
Precipitate solubility of all the other complexes except Rb. sphaeroides B800 -850/Triton X-100 complex decreased in a single exponential way with an increase in (NH 4 ) 2 SO 4 concentration as well as PEG4000. The slope also gradually steepened with the shift toward lower (NH 4 ) 2 SO 4 concentration. With respect to the detergent type, however, the sequence of precipitate curves differed 
Precipitate solubility of different integral membrane proteins solubilized in LM
To establish how the precipitate solubility of a complex is related to the physical and chemical properties of a protein, precipitate curves were determined for five different integral membrane proteins solubilized in LM using PEG4000 and (NH 4 ) 2 SO 4 as a precipitant (Fig. 7) . Precipitate curves shifted toward the lower PEG4000 concentration in the order Rb. sphaeroides B800 -850, Rb. capsulatus B800 -850, Rb. sphaeroides RC, Rp. viridis RC and Rp. viridis RC-B1020. From their amino acid composition, isoelectric points of Rb. capsulatus, B800 -850 [39] , Rb. sphaeroides B800 -850 [15] and RC [40] , Rp. viridis RC [41 -43] and RC-B1020 [44] are estimated to be 4.3 -4.5, 4.0-4.3, 6.3, 8.0 -8.2 and 8.2 -8.6, respectively. The sequence on the protein type corresponds well with the relationship between the difference in the isoelectric point of each protein to pH of the solvent. Furthermore, from their tertiary structure [25,45 -47] and retention time by molecular sieve chromatography on CL-6B, the order of molecular weight is Rb. sphaeroides RC < Rp. viridis RC < Rb. capsulatus B800 -850, Rb. sphaeroides B800 -850 < Rp. viridis RC-B1020. The slopes of the precipitate curves steepened in this order. However, clear exponential dependence of the slope on the molecular weight seen in aqueous-soluble proteins [31] was not shown between the molecular weight of those proteins and the slope of the precipitate curve. This is ascribed to the extensive distribution of the amount of detergent binding to the proteins.
Rb. capsulatus B800 -850 did not precipitate up to 30% (w/v) (NH 4 ) 2 SO 4 . Precipitate curves of the other proteins shifted toward lower (NH 4 ) 2 SO 4 concentration in the order Rp. viridis RC-B1020, Rb. sphaeroides B800 -850, Rb. sphaeroides RC and Rp. viridis RC, and the slope steepened in the order Rb. sphaeroides B800-850, Rb. sphaeroides RC, Rp. viridis RC and Rp. viridis RC-B1020. The regularity seen in PEG4000 was also not shown with respect to the sequence of proteins. This would also be ascribed to the particularity in (NH 4 ) 2 SO 4 -protein interactions at fairly high (NH 4 ) 2 SO 4 concentration.
Discussion
Detergents to maintain a target protein in its natural conformation should be determined at the first step of a crystallization trial because a high-quality crystal suitable for X-ray crystallography is never formed from denatured or structurally heterogeneous proteins. From the stability of several integral membrane proteins, it was shown that the influence of detergents on protein conformation increases with an increase in their own flexibility, an increase in the polarity and a decrease in the size of their hydrophilic head. This feature corresponds well with results from the thermal stability of rhodopsin and opsin [21, 26] . In addition, a 10carbon alkyl tail detergent was the most advantageous for the stability of Rp. viridis RC-B1020 among those with the same hydrophilic head. For the major fatty acid composition (16 and 18 carbon atoms) of Rp. viridis photosynthetic membrane [48] , this length is reasonable from the viewpoint of stereochemistry as follows. In order to pack the tails moderately within the hemispherical micelle core so as to maintain both interactions of detergent heads with polar amino acid side chains corresponding to the membrane surface and of detergent hydrophobic tails with hydrophobic amino acid side chains, the length of the alkyl tail must be shorter by 20 -25% than that of the lipid. In addition, the minimum dimension of micelles, which may have a spherical, rod or disc shape, exceeds twice the all-trans length of the molecules by 10 -30% [49] . Therefore, the suitable length for an alkyl chain would be within the range of 8 -14 carbon atoms corresponding to the fatty acid composition normally varying from 14 to 24 carbon atoms [48] . Probably, the conclusion in the previous study that detergents are milder the longer their hydrophobic tail [21, 26] is owing to the temperature dependence characteristic of hydrophobic interaction. Thus, the influence of detergent type on a protein is related to chemical and physical properties of a detergent, although there is certainly particularity in the influence.
For the orderly arrangement of protein -detergent complexes in a crystal, a detergent micelle surrounding a protein should be small and easily change its shape so as to allow the protein -protein-specific interactions [1] . However, such small and flexible detergents usually strongly influence the activity and conformation of integral membrane proteins. Given such a dilemma, we must test the stability of a target protein. In this case, it is sufficient only to examine five detergents with different hydrophilic heads (LDAO, C 12 E 8 , MEGA-9, OG and LM, for example), because suitable alkyl tail length can be estimated from major fatty acid composition of the source. This stability check leads to a reasonable choice of other suitable detergents by referring to the discussion above or the sequence shown in Table 2 . From crystallization trials of several integral membrane proteins in our laboratory, a criterion of detergent choice is whether or not more than 90% of a target protein is stable after a week. Among the candidates limited in this way, smaller and more flexible detergents should be preferentially used for the crystallization experiments. Moreover, because slightly higher detergent concentration above the CMC is advantageous to the reproducibility of crystallization, apart from crystal size, it is not necessary to test various detergent concentrations in an initial crystallization trial. Thus, the number of possible combinations of detergent type and concentration can be largely reduced.
Crystal formation is difficult in an integral membrane protein solubilized in steroidal detergents because of the bulky, rigid and inhomogeneous property of its micelles [21] . However, steroidal detergents are useful for solubilization and purification because the denaturation and inactivation of many integral membrane proteins are reduced. In a crystallization trial, steroidal detergents must be finally replaced with other detergents suitable for crystallization taking into account the concentration of the replacement detergent as shown in this study.
To appreciate the relationship between protein solubility and precipitant concentration suitable for crystallization, solubility diagrams were determined for four different protein -detergent complexes. In all cases, the solubility of an amorphous precipitate was higher than that of a crystal at the same precipitant concentration, and the slope of the precipitate curve was the same as, or less steep than that of the solubility curve. These two relationships reflect well a requirement that the crystallization of a protein -detergent complex is induced by predominant interactions between specific sites on a protein.
As shown in Fig. 8 , the consideration of crystal growth based on the two relationships provides a deeper insight into the choice of suitable precipitant concentration. Because the degree of supersaturation increases with an increase in precipitant concentration, there is a minimum precipitant concentration to induce the nucleation of a protein crystal. Within such a limited range of precipitant concentration, the difference between precipitate and crystal solubilities, the amount of a complex converted to a crystalline phase, decreases with an increase in precipitant concentration. To make protein molecules participate in the crystalline phase as much as possible, therefore, a low precipitant concentration within the range corresponding to the large decrease in the precipitate solubility should be chosen. This corresponds well with a well-known empirical rule that precipitant concentration yielding a slight protein precipitate is suitable for its crystallization in a batch experiment [7] .
In a vapor diffusion experiment, a considerably high precipitant concentration of a reservoir solution forces the path of crystal growth (curve EG in Fig. 8 ) in the precipitation zone because of rapid water evaporation. On the contrary, when the precipitant concentration is set below the range where the precipitate solubility begins to largely decrease, sample solutions often cannot reach the nucleation zone. In addition, a small difference in precipitant concentration between sample and reservoir solutions reduces an unfavorable increase in the detergent concentration. Therefore, suitable initial conditions of the sample solution and the reservoir are precipitant concentrations where precipitate solubility begins to decrease largely for a given protein concentration and crystal solubility is around zero, respectively.
Phase separation [32] was observed for Rb. sphaeroides RC and Rb. capsulatus B800 -850. For an accurate discussion, it necessary to introduce a time-axis to the schematic solubility diagram of Fig. 8 , and then to consider the crystal growth using protein concentration in the protein-rich phase instead of precipitate solubility. Since the phase separation is induced from the supernatant solution, the protein concentration in both phases must have a particular relationship to the precipitate solubility. In addition, the total amount of the complex that is finally converted to a crystalline phase only depends on the difference between the precipitate and the crystal solubilities independently of the phase separation. Even in case of phase separation, therefore, precipitate solubility defined in this study provides useful information to reflect the crystallization quantitatively.
The good reproducibility of precipitate solubility requires consistency of protein purity, chemical solution, precise temperature control, and preparation of supernatant solution. As shown in Fig. 9 , fortunately, suitable precipitant concentration is easily estimated from the minimum precipitant concentration to yield a protein precipitate for a given protein concentration instead of other notorious determinations of precipitate solubility. With the addition of precipitant solution, an amorphous precipitate usually begins to form at a precipitant concentration lower by 2 -3% (w/v) than a precipitate curve for 5 -10 mg/ml of protein concentration. Therefore, a precipitant concentration higher by 2 -3% (w/ v) than the minimum concentration is suitable in the batch experiment. In addition, the decrease in precipitate solubility from 10 to 1 mg/ml corresponds the increase in precipitant concentration of 5-6% (w/v) in many cases, and precipitate solubility is higher than corresponding crystal solubility Fig. 8 . Schematic solubility diagram representing correlation between protein and precipitating agent. The vertical and the horizontal axes represent the protein and the precipitant concentration, respectively. Curve I represents a precipitate curve on which the concentration of protein in a solution phase is defined as precipitate solubility at each precipitant concentration in this study. Curve III represents a solubility curve on which the concentration of protein in a solution at equilibrium with the crystal phase is defined as the crystal solubility at each precipitant concentration. The only protein in the zone between curves I and III can be used for crystallization. In addition, this zone is divided into two further zones for nucleation and growth and growth only of a protein crystal. Lines ABC, DEFG and HEFG represent the crystallization pathways on the batch, vapor diffusion and dialysis methods, respectively. When the initial condition of a sample solution (the combination of protein concentration and precipitant concentration) is set at point A, for example, in a batch experiment, since an excessive amount of protein separates as an amorphous precipitate from the solution, the concentration of protein soluble in the solution immediately falls at point B on the precipitate curve. When the combination of chemicals, temperature and pH is suitable for crystallization, the protein concentration in a solution decreases toward point C on the solubility curve with the crystal growth. When initial conditions of sample and reservoir solutions are set at points D and G in a vapor diffusion experiment, respectively, the protein and precipitant concentration in a sample solution first increase, maintaining the same ratio along line AB, and passing through the origin, during the evaporation of water. When the solution condition enters the nucleation zone, the nucleation of protein crystals begins at point F, for example. At this stage, since the conversion of protein molecules from a solution phase to a crystalline phase and the evaporation of water progress simultaneously, the solution condition is expected to change along curve EG. At point F on curve EG, the direction (c) of the path of the sample condition is determined both by the evaporation rate of water (a) and the driving force originating from the degree of supersaturation (b). Here, the amplitude of a is mainly proportional to the difference in the precipitant concentration at points F and G, and that of b the ratio of the protein concentration at point F to the crystal solubility at the same precipitant concentration. Fig. 9 . Schematic solubility diagram representing experimental procedure to determine precipitant concentration suitable for batch and vapor diffusion experiments. The concentration of a targeted protein is adjusted to about 15 mg/ml because its final concentration of 5 -10 mg/ml is usually suitable for crystallization. The condition change of a sample solution is represented as closed circles in the case that 50% (w/v) precipitant solution is added stepwise to 20 Al of the protein solution Al by Al, mixing until a slight protein precipitate is observed. A slight amorphous precipitate usually begins to form at a precipitant concentration lower by 2 -3% (w/v) than the crossing of the trace of the sample solution above and the precipitate curve. In the batch experiment, a moderate precipitant concentration is higher by 2 -3% (w/v) than this cloud point. In the vapor diffusion experiment, the moderate initial condition of a sample solution is exactly this cloud point and a moderate precipitant concentration of a reservoir solution is higher by 5 -6% (w/v) than the cloud point.
under the crystallization conditions. In the vapor diffusion experiment, therefore, moderate initial precipitant concentrations of sample and reservoir solutions are exact and higher by 5-6% (w/v) than the cloud point, respectively. When using the combination of PEG4000 and NaCl as a precipitant, the precipitate curve of protein -detergent complexes shifted, reflecting the physicochemical properties of detergent head. Salt usually eliminates net charges on the surface of a complex at low concentrations below 400 mM. PEG4000 added to such an aqueous solution competes with the complex for water molecules [50, 51] , so that the repulsive short-range hydration force between the complex surfaces is reduced. On the other hand, a further increase in salt concentration enhances local hydrophobic interaction between complexes [51 -53] because of high polarity of bulk solvent on all sides of a protein -detergent complex. Polarity on the complex surface being between PEG4000 and (NH 4 ) 2 SO 4 accounts for the reverse detergent-sequence of the precipitate curve against both precipitants. Furthermore, in the case of (NH 4 ) 2 SO 4 , less regularity was shown for the relationship between the behavior of the precipitate curve and detergent type or protein property. This may be ascribed to the small ratio of hydrophobic amino acid in the extramembraneous regions and the influence of high salt concentration on detergent micelles.
To easily determine crystallization conditions of a targeted protein, it is necessary to know the dependence of precipitate solubility on the factors above in advance. Knowledge of the detergent-related phenomena shown in this study would also be useful for the preparation and crystallization of other integral membrane proteins. To further limit the range to be tested, it is necessary to know the influence of other factors such as properties of salt and precipitant, temperature and pH on precipitate solubility. We will show useful features common to such influence in detail in a series of studies after this.
